Abstract: The in-plane tailoring of light propagation is significant in on-chip optical interconnections. Recently, an in-plane negative-angle refraction was realized with a thin line of silicon nanoposts, which are at resonance in the first angular momentum channel. This advancement is different from metasurface research, which mostly focuses on outof-plane operations. In this paper, we experimentally demonstrate that a thin array of doublet silicon nanoposts, in which each unit comprises two tangent nanoposts functioning as an upright interface, remarkably improve efficiency for molding light. The designed upright interface exhibits a broadband response featuring high efficiency in a negative-angle light bending in the wavelength of 1480-1600 nm. The broadband, compactness, low loss, and complementary metal-oxide semiconductor (CMOS) compatibility enable the use of the subwavelength array as an alternative component for on-chip optical control.
Introduction
The deflection or refraction of an optical beam is a fundamental function in optical control. In photonic chip technology, the implementation of the bending and splitting of an optical wave at a scale as small as possible is critical for high-degree integration. Beam bending in an integrated optical chip can be realized by photonic crystal devices [1] and metallic metamaterials [2] - [7] . These components have either thicknesses of several wavelengths or intrinsic absorption loss for waves at infrared and optical frequencies. Moreover, surface plasmon polariton (SPP) has been proposed to steer light at a subwavelength scale [8] - [10] . However, SPP-based elements have limitations in steering the propagating far-field light. Thus, it is of paramount importance to construct an optical element that not only is ultrathin in comparison with the wavelength but can manipulate a propagating far-field beam as well to make a sharp bend with extremely low loss.
Recently, a tremendous flexibility of optical control has been achieved by metasurface, which is realized by introducing a discontinuity response of a phase with an array of different-shaped metallic or dielectric nanostructures [11] - [14] . These nanoantennas are elaborately designed to obtain the same phase increment between adjacent antennas. If the phase change is continuous along the lateral direction of the interface, the reflected or transmitted wave can be manipulated to propagate in the negative direction and obey the generalized Snell's law [15] . These nanostructures can be made low loss and extremely compact; however, so far they are limited to out-ofplane beam operations. An upright interface comprising a thin line of silicon nanoposts has been proposed to overcome this limitation in our early work [16] , [17] , holding promise for on-chip beam steering and integration with other planar optical components. These high-permittivity nanoposts support circularly polarized dipoles (CPDs) when they are resonantly excited. The unique scattering property of these dipoles enables the wavefront of the incident optical beam to bend sharply, where most of the energy propagates in the negative direction and no light is scattered in the ordinary reflection direction. This interface is promising for silicon photonic applications because of its compactness, low loss, and complementary metal-oxide semiconductor (CMOS) compatibility. To date, only approximately 80% of the energy in the negative angle has been demonstrated in our previous reports [16] , [17] . In this work, an array of doublet silicon nanoposts comprising a large nanopost and a small nanopost was designed and fabricated to construct an upright interface. The negative-angle light bending was observed in the far field, and a remarkably higher transmission efficiency was achieved. The high efficiency was broadened to the entire optical communication frequency range, making the component an ideal candidate for on-chip optical circuits.
Model and Analysis
Different from conventional plane mirrors, which depend on the occurrence of the reflection phenomenon, the bend in this study is the result of beam transmission after passing through an ultrathin layer composed of doublet nanoposts, as shown in Fig. 1(a) . In the design of singlet nanoposts array of our previous report [16] , [17] , the radius of the nanopost is r s ¼ 255 nm, which is at resonance in the first angular momentum channel (AMC) corresponding to the incident wavelength of 1550 nm, and the separation between adjacent nanoposts is a 0 ¼ = ffiffiffi 2 p , where ¼ 1550 nm is the wavelength of the incident beam. For an isolated silicon nanoposts, which is at resonance in the first AMC [19] , as shown in Fig. 1(b) (black solid line), the nanopost behaves similar to a linearly polarized dipole [17] , [20] . When the nanoposts are appropriately arrayed in the line, each silicon nanopost supports a CPD because of the strong interaction of different units in the array, leading to the anomalous negative-angle refraction, where the ordinary reflection and refraction are almost completely suppressed. According to our calculations, the negative-angle transmission efficiency of the interface can reach approximately 80%. To further improve the transmission efficiency, we introduce another nanopost with a relatively smaller radius, and the two nanoposts are placed in contact with each other for each doublet unit. The radius of the smaller nanopost is set as 0.4 times that of the larger one. The size of the smaller nanopost and the distance between the two nanoposts are carefully optimized for high negative transmission efficiency. Fig. 1(b) shows the total scattering cross section (dashed lines) and collective resonance spectrum [18] (solid lines) for singlet (black) and doublet (red) structures. The resonance spectrum of the doublet structure is clearly different from that of the singlet one because an extra resonance arises around 1550 nm due to the strengthened interaction of the nanoposts in contact. The properties of outgoing beams from the doublet nanoposts will thus change under different configurations of the unit, including the size and distance of the small nanopost. As can be seen in Fig. 1(b) (red dashed line) which shows the comparison of the total scattering cross sections [19] versus wavelength, the resonant bandwidth of the doublet structure is clearly increased. Accordingly, the transmission efficiency of the interface comprising the doublet unit in the negative angle is increased by broadening the resonance spectrum, and the peak value reaches 93% at 1550 nm, as shown in Fig. 1(c) . The simulation results shown in Fig. 1(d) indicate that the designed new structure exhibits a clear negative-angle refraction phenomenon and that the normal reflection and refraction are depressed. The enhancement of both the bandwidth and bending efficiency makes the new structure more applicable for on-chip optical beam control. Moreover, the new structure is kept as a compact optical component for chip-level application because the diameter of upright nanoposts is less than one third of the working wavelength of 1550 nm.
Experimental Results
To visualize the negative-angle refraction, 5 m high doublet silicon nanoposts were utilized to construct the single layer interface. Simulation results show that 5 m is an adequate height for the interface to bend a beam at an optical telecommunication wavelength. The radius of the fabricated large nanopost was r large ¼ 253 nm and that of the small one was r small ¼ 101 nm, and the separation was a 0 ¼ = ffiffiffi 2 p , where ¼ 1550 nm is the wavelength of the incident beam. For fabrication, a 300 nm thick thermal silicon oxide layer was first grown as the hardmask layer. After electron beam lithography, the hardmask was etched to transfer patterns from a photoresist, and then, the silicon nanopost array was etched by a deep reactive ion etching Bosch process.
Optical characterization was conducted using a tunable laser (Agilent 86100B) with a lensed fiber output, and radiation at the selected wavelength was directed through a polarization controller and impinged on the fabricated nanopost array at an incident angle of 45°. An overhead infrared CCD camera (Hamamatsu C2741-03) was used to image the propagation path of the wave by mapping the scattering spot produced by the beam when encountering the nanopost array and the sidewall. As shown in Fig. 2 , strong scattering can be observed when light illuminates the array. The strong scattering spot only appeared when it was located at the same side of the incident light beam. However, almost no scattering was observed at the ordinary reflection direction, i.e., the negative transmission beam was the main outgoing beam when light impinged the array. Besides, the negative transmission angle can be manipulated by tuning the incident wavelength or incident angle according to the grating equation.
To quantitatively compare the transmission efficiency of the doublet nanopost array with that of the singlet one, a scanning fiber was used to record the intensity at different positions of the transmission side, which is precisely controlled by a Suruga PLC system. The inset of Fig. 3(a) is the measurement schematic of our experimental setup. The dashed black line illustrates the moving path of the fiber in the measurement. As shown in Fig. 3(a) , in both cases, sharp peaks are detected in the negative-angle direction, and relatively much lower peaks appear in the positive-angle direction. The difference of the optical intensity between the two peaks for the doublet case is nearly 20 dB, which means that approximately 100% of the refracted wave propagates in the negative angle. The distance between the fiber and the nanopost line is 23 m, and the peak transmission position is detected at x ¼ À23 m, indicating a 90°sharp turn of the beam. A comparison of the detected power from an array of the singlet nanoposts and that from an array of the doublet unit was performed; this comparison showed that the power in the doublet sample is remarkably larger of that in the singlet sample, indicating the enhancement of the efficiency by introducing the doublet nanoposts because the same incident optical power was used in the comparison. For the experimental verification of the broadband property of the doublet structure, two fibers were mounted at positions corresponding to the peak transmission value of the negative and positive angles. The transmission power was recorded with wavelength tuning. Our selected wavelength range for scanning was 1480-1600 nm because of the limitation of the tunable laser. The contrast between the intensities of the negative and positive angles was more than 10 dB in the considered spectra. Because the random deviation of the transmission power within the negative and positive angles was less than 5 dB, we concluded that a high efficiency was retained in the range of the spectra, i.e., more than 90% optical power was successfully bent to the negative angle after interacting with the nanopost array, covering the C-band, S-band, and L-band, which are widely used in fiber optics.
Conclusion
In summary, we experimentally demonstrate anomalous negative-angle beam bending using a single line of doublet silicon nanoposts. The transmission efficiency is significantly improved by introducing a small nanopost. Moreover, the wavelength range for this unique optical control is broadened and experimentally demonstrated for the considered laser spectrum. The broadband, compactness, low loss, and CMOS compatibility of the doublet array promote the applications of this upright interface for on-chip optical interconnections.
